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Atomic scale modifications and subsequent atomic resolution imaging has been achieved on the 
highly oriented pyrolytic graphite surface in air. Application of short pulse voltages, above a 
minimum threshold voltage of 3.5 V, across the tunneling gap results in the displacement of a 
layer or more of atoms to form a hole and create a neighboring mound or “nanodot” from the 
displaced atoms. We have found a correlation between the hole and “nanodot” volume at the 
atomic level and observe an asymmetric displacement of material in all cases of feature creation. 
Nanofeatures as small as four carbon atoms at beta sites have been created. Our experimental 
observations are consistent with the modification process depending on the gradient in the 
electric field induced by the rise time of the bias pulse voltage and not the pulse duration. 
Interesting faceting behavior has also been observed around some hole edges. Tip bias pulsing 
sometimes induced a tip, and not a surface modification, resulting in a change in the observed 
tunneling image. 
The scanning tunnelling microscope (STM), has been 
shown to be capable of providing real space images with 
atomic resolution on a variety of surfaces in a range of 
environments. it is being increasingly used as a tool to 
modify surfaces at the nanometer scale. A wide range of 
lithographic and surface modification techniques using the 
STM’s ability to generate high electric fields between the 
tip and the surface have been demonstrated in a number of 
experiments. Molecular manipulation’ and nanometer 
scale hole formation’ on graphite have both been previ- 
ously reported, the former presenting a 4 A area benzene 
ring pinned to three beta site atoms. Clusters of Ag and Au 
surface deposits on graphite have been imaged with atomic 
resolution3 and recently, nanometer scale structures as 
small as 1 nm, have been fabricated on the same surface 
using a STM in the presence of trimethylaluminum.4 Sur- 
face diffusion appreciably distorts the features created by 
tip bias induced modifications on gold,‘-’ over a time scale 
of minutes. In this letter, we present the results of a study 
aimed at understanding the surface modification process 
on graphite by imaging the features created at atomic scale 
resolution. 
The tunneling microscope used in these experiments is 
the commercially available Nanoscope II from Digital In- 
struments, CA, and the mechanically sharpened Pt-Ir tips 
were from the same supplier. Samples of highly oriented 
pyrolytic graphite (HOPG) from Agar Scientific, Essex, 
UK, were cleaved immediately before imaging. All images 
in this letter were obtained in the constant height mode 
(nanoscope current mode) with a positive sample bias 
voltage of 25 mV and a set point tunneling current of 1 nA. 
Voltage pulses of various duration and magnitude, ranging 
from 12 to 5 12 ps and - 10 to + 10 V were applied across 
the tunneling gap during an interruption in the scanning 
routine which was software controlled. The threshold volt- 
age for feature creation was found to depend on scan area 
at a fixed scan frequency, however, no dependence of fea- 
ture size on pulse duration, within the above limits was 
detected. A pulse of 500 ,us duration was subsequently used 
for all experiments. The tip condition was found to play a 
critical role in the lithographic process. The success rate in 
producing atomic scale modifications varied between 0% 
and 90% from tip to tip. 
In order to minimize thermal drift during the experi- 
ments, the STM was allowed to scan for a period of 2 h 
before any surface modification was attempted. A zoom on 
a typical feature created by the application of a 5 V, 500 ,QS 
pulse in an original scan area of 10x 10 nm2 is shown in 
Fig. 1. All the features created under these conditions con- 
sist of a mound of raised material (a nanodot) displaced to 
one side of the accompanying hole. The smallest feature we 
have been able to create in a scan area of 2.5x2.5 nm2 is 
shown in Fig. 2(a). A schematic drawing of the surface 
atomic arrangement following the bias pulse, which is il- 
lustrated in Fig. 2(b), shows that this modification in- 
volves the displacement of four atoms at beta sites to form 
a nanodot and hole, each four atomic sites in area. This 
suggests that the hole volume can be directly correlated 
with the nanodot volume. Although the finite radius of the 
tip will have a strong influence on the apparent hole depth, 
a single layer modification seems to be present. In order to 
fabricate features of this size the highest possible tip reso- 
lution was necessary, however, even fulfilling condition 
modifications as small as these were by no means routine, 
with about 10% success rate. Being able to accurately an- 
alyze this small feature in terms of a direct correlation 
between hole size and displaced material would lead us to 
believe that the larger features created in the larger scan 
areas can be similarly correlated. 
The threshold voltage for hole formation was found to 
increase from 3.5 V for a scan area less than 20x20 nm’, 
to 8 V for an area of 25X25 nm2 at the same scan fre- 
quency (40 Hz). Above this scan area we have been unable 
to create any holes. When this is coupled with the fact that 
hole size does not depend on pulse duration, but on a scan 
area up to 25 X 25 nm2, it suggests that the critical factor in 
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FIG. 1. A zoom of a typical feature displayed in a 4 X 4 nm’ area, created 
by the application of a 5 V, 500 ~LS pulse in an original scan area of 10X 10 
nm’. A nanodot with a neighboring faceted hole in the graphite lattice. 
the creation of these features is the rate of change in the 
electric field gradient between the tip and the surface at- 
oms. It is the rise time of the bias pulse voltage above a 
threshold value, and not the pulse duration, which appears 
to determine the formation of these surface features. One 
FIG. 2. An image of the smallest hole created displayed in a scan area of 
2.5 X2.5 nm2 is shown in (a), while (b) is a schematic drawing of the 
resulting atomic surface arrangement with only atoms at beta sites shown 
and the open circles representing the displaced atoms. 
way of diluting the field gradient experienced by individual 
surface atoms is to increase the scan area while maintain- 
ing the scan frequency. The inability to create holes above 
a scan area of 25 X 25 nm’ suggests that while the pulse is 
being applied, the tip velocity is such that the electric field 
gradient is not sufficiently localized over individual atoms 
to cause surface disruption. A similar effect is observed if a 
smaller surface area (20x 20 nm2), is scanned at a fre- 
quency higher than 80 Hz. This would again be consistent 
with the tip being in motion when the bias pulse is applied. 
Therefore, our results would suggest that a critical factor 
in the surface modification process is the gradient in the 
electric field induced by the rise time of the bias pulse in a 
spatially localized area. The threshold voltage for hole for- 
mation therefore scales with the effective scan speed. 
The asymmetric displacement of material clearly seen 
in Fig. 1 was not observed in a similar study on graphite 
reported by Albrecht et a1.,2 although the overall size and 
shape of the created features are comparable. We can elim- 
inate the possibility of physical contact between the tip and 
surface during the pulse sequence by placing constraints on 
the tip motion and we do not believe it can be attributed to 
asymmetry in the tip geometry. While we do not as yet 
understand the reason for this asymmetry, it does have an 
interesting side effect which can be observed in Fig. 1. 
There is clear evidence of faceting behavior around the 
hole edges where no excess material has been deposited. A 
sharp 60” angle corresponding to alignment of the atoms 
along crystallographic axes was observed in approximately 
60% of the created holes. This faceting appears to be in- 
stantaneous on the time scale of the imaging. Attempts to 
follow the evolution of the faceted features over a 30-60 s 
time period immediately following pulse application pro- 
duced little discernible change. This contrasts with a recent 
STM assisted surface etching study’ on a quasi-two- 
dimensional conducting oxide which noted a change of the 
fabricated pits with time, to form faceted features. How- 
ever, the formation of similar triangular shaped structures 
on tungsten diselenide by pulse biasing has recently been 
reported’ where the defects were observed to grow in size 
for times up to 1 h. In our investigations on graphite, all 
modifications were found to be extremely stable and were 
imaged for periods of hours with no observable change. 
During the course of the modification process de- 
scribed it was found that applying a pulse in some cases 
resulted not in a surface modification, but in a change in 
the STM image (Fig. 3). It has been previously shown by 
Mizes et al. I0 that the experimental images for a layered 
material are dominated by only three independent Fourier 
components and that an asymmetric tip consisting of not 
one but two outermost atoms, cause the variety of images 
observed in this single figure. We conjecture, that the ap- 
plied pulse in these cases leads not to a surface modifica- 
tion but to a tip modification causing the interference (due 
to double imaging) of the individual Fourier components. 
In summary, we have succeeded in modifying the 
graphite surface at the atomic level to form features down 
to four atoms in area. The surface modification, which 
involves the physical displacement of atoms, appears to 
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high field gradients involved in the pulsing sequence ap- 
pear to play a critical role in the formation of these fea- 
tures. 
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FIG. 3. A variety of surface images resulting in the bias pulse causing a 
tip modification rather than a surface modification, displayed in a 2.5 
X2.5 nm2 scan area. 
depend on the rate of change of a spatially localized elec- 
tric field which is related to the rise time of the bias pulse. 
While the exact modification process is not we11 under- 
stood, rearrangement of surface atoms stimulated by the 
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